Developmental studies by generating chimeras {#Sec1}
============================================

Chimeric analysis is one of the classical methods for cell lineage tracing by generating mice having more than one lineages of cells. If chimeras are introduced in early embryos, they could be used to analyze cell lineage relationships of early embryonic tissues. In mammals, chimeras are basically experimental. However, in rare cases, human chimeras could be naturally generated. One typical example is an XY/XO mosaic. The mechanisms of generation of naturally occurring chimeras is unclear \[[@CR1]\]. One possible mechanism is that two embryos fuse together at an early embryonic stage and develop as a single embryo (Fig. [1](#Fig1){ref-type="fig"}). It is known that even if two cell lineages have distinct major histocompatibility complexes (MHCs), immune tolerance is induced during development and rejection does not occur after birth. Because it is ethically impossible to generate experimental chimeras in humans, the naturally occurring chimeras have been used for analyzing the origins of human tumors.Fig. 1Case of a human African-Caucasian chimera \[[@CR1]\]. A case of a human chimera boy who has mosaic skin colors reported in \[[@CR1]\]

The first artificial method to create mammalian chimeras was developed by Tarkowski in 1961 \[[@CR2], [@CR3]\]. He removed zona pellucida from two early embryos and mechanically fused them together. Interestingly, when fused embryo is transferred to the uterus of a surrogate mother, it starts developing as a single large embryo, but is born at a normal size \[[@CR4]\]. If two lineages of cells that compose chimeric mice could be distinguished, the mice could be used for lineage tracing experiments. Later, Gardner developed another method to generate mammalian chimeras. He isolated cells from inner cell mass of blastocysts, and transferred to the blastocyst cavity of another embryo. The injected blastocysts developed as chimeras \[[@CR5], [@CR6]\]. Evans and Martin developed the method to culture cells from inner cell mass in vitro, and established embryonic stem (ES) cells \[[@CR7], [@CR8]\]. This method, blastocyst injection, is now a standard method to generate knockout mice.

Another line of generating chimeras is via methods that make use of the X chromosome inactivation or the genome imprinting of \[[@CR9]--[@CR11]\]. In this method, a marker gene, such as LacZ is put into the genome locus susceptible to gene inactivation. During the early embryonic stage, one of the two alleles is inactivated at random in each cell. In heterozygous mice, one of the two alleles has LacZ gene. As a result of gene inactivation, LacZ positive/negative two-color chimeras are formed, which could be used for lineage tracing \[[@CR9]--[@CR11]\].

What kind of past experiments have been done using chimeras? Early studies on developmental biology using mammalian chimeras was described in detail in the book by MacLaren \[[@CR12]\]. The simplest application of original chimera methods was most likely to analyze if the origin of the tissue of interest is monoclonal or polyclonal. Classical two-color chimeras were composed of marker positive/negative cells, i.e. they were two-color chimeras (Fig. [2](#Fig2){ref-type="fig"}). If the origin of the tissue is monoclonal, the resulting chimeric tissue always shows single color, i.e. all white or all blue. However, if origin of the tissue is generally multiple, the resulting tissue should usually be two-color \[[@CR13]\]. By using the method, it was shown that epithelial cells in crypts of adult small intestine or colon are monoclonal in origin \[[@CR14], [@CR15]\]. This is one successful example of the analyses. However, early studies had shown that the origin of most of the tissues in mice is polyclonal \[[@CR12]\]. In the past, some attempts were made to calculate the number of progenitors that generate the tissue of interest from the size of the patches in two-color chimeras. However, it was difficult to draw definitive conclusions from these studies \[[@CR12], [@CR16]\]. It means that application of two-color chimeras to developmental studies was limited, and to widen their application, technical improvement to increase the number of colors would be required.Fig. 2Advantages of using multicolor chimeras \[[@CR13]\]: **a** Clonal analysis using conventional marker positive/negative chimeras (see text). **b** By using four-color chimeras, monoclonal areas could be more easily detected than conventional chimeras. **c** By using four-color chimeras, cells that underwent cell fusion could be detected, whereas it is not possible by using conventional marker positive/negative chimeras

Multicolor lineage tracing methods and their application to study of intestinal epithelial cells {#Sec2}
================================================================================================

Initially, markers used to form chimeras were not easy to visualize \[[@CR17]\], however, technical improvement has changed the situation. LacZ has been long used for these analyses because it is relatively easy to visualize. However, to detect LacZ positive cells, tissues must be fixed, and therefore it was not possible to observe live LacZ positive cells. The discovery of green fluorescent protein (GFP) from *A. victoria* made it possible to detect marker positive cells alive, and time-lapse imaging of cells and tissues has been made possible. If only GFP is used, the resulting chimeras are two-color chimeras, and conclusions that can be drawn are basically the same as those from LacZ positive/negative chimeras. However, by increasing the number of colors that form chimeras, the outcome of chimeric tissues should be much more complicated, which would increase the accuracy of the statistical and clonal analyses. Isolation of DsRed, a red fluorescent protein from the coral *Discosoma* sp., and development of mutants of GFP and DsRed have created various fluorescent proteins that cover almost the entire spectrum of visible light \[[@CR18], [@CR19]\]. Based on these available markers, we developed the method to generate four-color chimeras (tetrachimeras) in 2006 \[[@CR20]\]. The strategy involved knocking EGFP, ECFP and mRFP1 \[[@CR18]\] cDNAs into the Rosa26 genome locus with a CAG promoter \[[@CR21]\], and thus Rosa26-EGFP, Rosa26-ECFP, and Rosa26-mRFP1 knock-in mouse ES cell clones were established. The colored ES cells were injected into host colorless blastocysts as a mixture. The injected blastocysts were put back into the uteri of surrogate mothers. The resulting embryos and mice have four lineages of cells that could be distinguished by their colors (green, red, blue and no color). Confirming the previous findings, epithelial cells within each crypt always have single colors in tetrachimeric mice \[[@CR13], [@CR20]\] (Fig. [3](#Fig3){ref-type="fig"}). But by using multiple fluorescent markers, the boundary of clonal areas is much easier to identify, which makes it possible to detect finer patches in the chimeric tissues. Moreover, in the multicolor chimeras, fused cells could be easily detected by finding cells that co-express more than one color.Fig. 3Chimera analysis reveals that intestinal crypts are monoclonal. This picture is a citation from our previous report \[[@CR20]\]

To search for tissues that are generated by monoclonal progenitors, we analyzed various tissues from adult tetrachimeric mice \[[@CR20]\]. In this experiment, monoclonal tissues were almost exclusively observed in endodermal epithelial and acinar tissues. Mesodermal and ectodermal tissues are generally polyclonal in origin (our unpublished findings).

As described, estimating the number of progenitors that generate the tissue/organ of interest by two-color chimeras was not successful. Interestingly, we found that in tetrachimeric mice, organs or tissues that are derived from a limited number of progenitors do not always have four colors. For example, if a group of cells always originates from four cells, it does not always happen that the resulting cells have all the four colors, but it is more likely to have two or three colors (Fig. [4](#Fig4){ref-type="fig"}) \[[@CR13]\]. Mouse spermatogenic progenitors in testis represented one such example, as they usually generate two or three colors in tetrachimeric mice. The observation that germ cells in left and right testes always have the same colors indicates that the colors were selected before PGCs separate to left and right testes. By utilizing this phenomenon, we estimated the number of progenitors that generate the whole germ cells of mouse testes by statistical analysis. The result was that mouse male germ cells were generally derived from approximately four progenitors \[[@CR22]\]. Blimp1 is one of the earliest markers of PGCs so far, and it was reported that the number of the first Blimp1 positive PGC progenitors was around six that appeared in epiblast \[[@CR23]\], matching with our estimate. This is an interesting application of multicolor chimeras.Fig. 4Probabilities of "fewer" color tissues in 2- and 4-color chimeras \[[@CR13]\]. By increasing the number of colors that form chimeras, probabilities of generation of tissues/organs that have "fewer" color than the whole mouse increase. *X*-axis number of progenitors, *Y*-axis probabilities of fewer color organs/tissues \[[@CR13]\]

By these methods, the chimeras are generated at early embryonic stages before gastrulation, therefore application of these methodologies to clonal analyses has a limitation. To analyze clonality in adult tissues, methods to induce chimera generation at the adult stage was needed. To this end, we modified reported methods for inducible chimeras by using the cre-loxp system \[[@CR24], [@CR25]\], so that the system could be applied to all the tissues in the mouse body. We generated Rosa26-rainbow mice, in which four fluorescent protein cDNAs are separated by three sets of loxp mutant sequences (Fig. [5](#Fig5){ref-type="fig"}). By cre recombinase, one of the three sets of lox sites is recombined and the cell having the construct changes its color from green to red, blue or orange. The fluorescent cDNA is expressed under the CAG promoter, and the whole construct is knocked into the Rosa26 locus \[[@CR26], [@CR27], [@CR28]\]. As described, by increasing the number of colors, the accuracy of clonal analysis could be improved. The Rosa26-rainbow construct has four fluorescent cDNAs. By using homozygous mice, a combination of four colors can create up to ten colors (Fig. [6](#Fig6){ref-type="fig"}).Fig. 5Schema of the construct of the Rosa26-rainbow system \[[@CR28]\]. By using three sets of loxp mutant sequences, the cre-lox mediated DNA recombination changes the color of the cell that has the construct from green (EGFP) to one of three colors, *blue* (mCerulean), *orange* (mOrange) and *red* (mCherry)Fig. 6Ten-color chimeric analysis by using homozygous Rosa26-rainbow mice. **a** Homozygous rainbow mice can create 10 different combination of colors. **b** Salivary glands of a Shh^cre/+^/Rosa26^rainbow/rainbow^ mouse

By expressing an inducible form of cre, CreER and its mutant CreERT2, which is activated by tamoxifen but not endogenous estrogen \[[@CR29]--[@CR32]\] under tissue specific promoter, multicolor chimeras can be introduced in a time and space specific manner even in the tissues of interest. Of course, the system can be used for lineage tracing method \[[@CR33]\]. It is not only a very powerful tool to follow the fate of stem cell-derived cells, but it adds the important information regarding clonality to the conventional lineage tracing method \[[@CR26]--[@CR28]\].

Two different models of intestinal stem cells {#Sec3}
=============================================

There has been a debate for decades regarding intestinal stem cells, which exist at the bottom of crypts \[[@CR34], [@CR35]\] (Fig. [7](#Fig7){ref-type="fig"}). Two major models were proposed in 1970's; first, Cheng et al. \[[@CR36]\] found by electron microscopic analyses that there are immature cells between Paneth cells, and they designated them as crypt base columnar cells (CBCs). On the other hand, Potten et al. \[[@CR37]\] found that some cells are labeled by \[3H\]thymidine but retain the label for a long period after surrounding cells lose the label as they proliferate. The label retaining cells (LRCs) tended to locate at around position +4 from the bottom of the crypt. These cells were proposed as intestinal stem cells. In 2007, Barker et al. \[[@CR38]\] identified a Wnt upregulated gene Lgr5 as a specific marker for CBCs, and showed by lineage tracing that Lgr5 positive CBCs include long-term intestinal stem cells. In 2008, however, Capecchi et al. \[[@CR39]\] showed that Bmi1 positive cells that tend to exist at around position +4 also include long-term intestinal stem cells. Later, a more sensitive method was developed and confirmed the model \[[@CR40]\], however, it was found that some of the cells co-express Lgr5 and Bmi1, and expression of Bmi1 is not limited to position +4 cells, but is expressed in TA cells up to position +10. Lgr5 is expressed not only in CBCs but also in position +4, and TA cells. However, Bmi1 expression is most strong at around position +4, and Lgr5 is at CBCs.Fig. 7Intestinal crypts and two models of intestinal stem cells. **a**, **b** Scanning electron microscopic analyses of intestinal crypts. These images are cited from the past report \[[@CR34]\]. **c** Schema of two models of intestinal stem cells in intestinal crypts

Basically, Lgr5 strong positive CBCs are cycling and Bmi1 strong positive cells are slow growing or resting within crypts. However, when Lgr5 positive CBCs are ablated, Bmi1-expressing stem cells compensate for the loss of Lgr5-expressing cells and Bmi1-expressing cells give rise to Lgr5-expressing cells, suggesting that they can compensate with each other \[[@CR41]\]. If all the intestinal stem cells are cycling, they are likely to be very susceptible to DNA damage and could thus easily acquire mutations that can lead to cancers. However, human epithelial malignant tumors are extremely rare in small intestine, suggesting that there is a kind of safety system to protect against tumors in small intestine. In other tissues such as hematopoietic tissue in bone marrow and hair follicle, it has been established that long-term and short-term stem cells have distinct roles in maintaining the tissue. Short-term stem cells are cycling and mainly supply differentiated tissue cells but are short-lived. On the other hand, long-term stem cells are usually resting or slow growing, and occasionally enter the cell cycle to supply short-term stem cells \[[@CR35]\]. In this model, long-term stem cells are protected from DNA damage. Short-term stem cells are susceptible for DNA damage but they are short-lived and therefore they would not get cancers unless they are immortalized. From the past reports, Lgr5 positive CBCs that are cycling have the characteristics of short-term stem cells \[[@CR38]\]. On the other hand, Bmi1 positive stem cells tend to locate at position +4 and are slow growing, matching with the characteristics of long-term stem cells. However, as described, these two populations are in part overlapping, and at least Bmi1 positive stem cells can generate Lgr5-positive CBCs, making interpretation of the data complicated. Therefore, it is not clear whether Lgr5 positive CBCs are short-term stem cells with a capacity to generate long-term stem cells, or whether they all have a capacity to be long-term stem cells from the beginning. To further investigate the issue, multicolor lineage tracing experiments have been done.

Clonal analysis of intestinal stem cells {#Sec4}
========================================

As described above, it has been shown by chimera analysis that epithelial cells within each crypt originate from a single progenitor during development. This raises a question as to when the single cell progenitor appears during fetal development. Interestingly, it was reported that epithelial cells in neonatal crypts are polyclonal by chimeric analyses, and gradually acquire monoclonality within the first 10--14 days \[[@CR42], [@CR43]\]. This means that adult type stem cells appear in the crypts during the neonatal period. Because by germ line chimeras, it is not possible to control the timing of generation of chimeras. However, to accurately examine the timing of generation of stem cells during development, inducible chimeras are required. The methods for inducible chimeras via the cre-loxp system had already been developed \[[@CR24], [@CR25]\]. We and others improved the methods so that they could be used for all the tissues in the mammalian body \[[@CR26]--[@CR28], [@CR38]\], and applied the method to analyses of maintenance of intestinal progenitor cells in the crypts. In the experiments, crypt epithelial cells within one crypt are initially labeled with multiple colors; however, they gradually acquired monoclonality after 1 month (our unpublished data) \[[@CR44]\]. To explain the results, two models were proposed. One is that each crypt has one long-term stem cell and multiple short-term stem cells, and that a hierarchy exists between stem cells. Another model is that all the Lgr5 positive CBCs have the capacity as long-term stem cells, but constantly compete for limited space in the niche, and only a single clone survives in the long term (neutral drift model) \[[@CR44]\]. However, the study hypothesized that all the Lgr5 positive CBCs (approximately 15 cells per crypt) possess equal ability as long-term stem cells, and competition occurs between these equal stem cells, one of which survives. Now, it has been widely accepted that there exist two types of stem cells in crypts as described above \[[@CR35], [@CR45]\], and that Bmi1 positive stem cells can generate Lgr5 positive stem cells \[[@CR41]\]. Taking this into consideration, the model would not be so simple. These issues have not reached consensus and debate is currently ongoing.

Maintenance of crypt number by crypt fission {#Sec5}
============================================

It is known that intestinal crypts increase in number by crypt fission \[[@CR46]\] (Fig. [8](#Fig8){ref-type="fig"}). Crypt fission happens in adult intestine in a physiological condition at a low frequency, suggesting that some of the crypts are constantly destroyed and are supplemented by newly generated crypts. Frequency of crypt fission increases in situations such as during the neonatal period, upon injury or upon Wnt activation. In a physiological condition, one crypt basically generates two crypts by fission \[[@CR46]--[@CR48]\]. The signal that induces crypt fission is unknown, however, activation of Wnt apparently increases the frequency of crypt fission. It is not clear if a function of crypt fission is to maintain a proper number of intestinal stem cells within crypts.Fig. 8Crypt fission. **a**, **b** Images of crypt fission (cited from the past report \[[@CR46]\])

In vitro culture of intestinal epithelial cells {#Sec6}
===============================================

To accurately examine different features of two classes of intestinal stem cells, it is important to observe the fate of each stem cell in vivo. However, so far it is not possible to directly observe fluorescence expressing intestinal stem cells from outside the body. One alternative method is to observe them in vitro by culturing intestinal epithelial cells, which until very recently was not possible. Sato et al. developed a method to culture intestinal epithelial cells in Matrigel. EGF, Noggin (a BMP inhibitor), and R-spondin1 (Wnt activator) were essential factors for the culture. Both cells from a single crypt or a single Lgr5 positive stem cell can generate organoid in the culture (Fig. [9](#Fig9){ref-type="fig"}) \[[@CR49]\]. The existence of mesenchymal cells that form the niche enhances the growth of the organoid culture, but it is not indispensable \[[@CR49]\]. The technique has made it possible to directly observe intestinal stem cells in vitro; however, so far, R-spondin1 (a Wnt activator) is required for the culture, and the addition of R-spondin1 modulates the normal physiological cell turnover. Therefore, it is important to establish methods to culture intestinal epithelial cells without Wnt agonists to accurately observe the dynamics of intestinal stem cells in vitro in the future.Fig. 9In vitro culture of intestinal epithelial cells. An image of organoid culture is shown

Wnt signaling pathway and cancer development {#Sec7}
============================================

It has been established that the Wnt signaling pathway is very important for the growth of intestinal stem cells, and abnormalities in the Wnt pathway leads to the formation of intestinal tumors. In the canonical Wnt signaling pathway, Wnt ligands bind to the Frizzled receptor and its co-receptor, Lrp5/6. Without ligands, the destruction complex composed of APC, Axin, and GSK3-β ubiquitinate and destroy β-catenin, and thus the amount of intracellular β-catenin decreases \[[@CR50]\]. When Wnt binds to the Frizzled, Lrp5/6 receptor complex, it inhibits degradation of β-catenin by the destruction complex and induces accumulation of intracellular β-catenin and its nuclear translocation. Then β-catenin binds to transcription factors Tcf·LEF, and upregulates various kinds of Wnt target genes \[[@CR50]\] (Fig. [10](#Fig10){ref-type="fig"}). Some of the Wnt and Frizzled members are expressed differentially in tissues. By in situ hybridization, it has been shown that, in intestine, mainly Wnt-3, 6, and 9b are expressed in epithelial cells, and Wnt-5a is expressed in interstitial cells. Frizzled5, 7 are expressed in crypt epithelial cells, and Frizzled6 is expressed in villus and crypt epithelial cells \[[@CR51]\].Fig. 10Schematic presentation of the Wnt signaling pathway

APC is an inhibitor of the Wnt signaling pathway. Mutations in the APC gene cause both genetic and sporadic adenomas. Familial adenomatous polyposis (FAP) is an inherited disease in which numerous polyps are formed mainly in epithelium of the colon, due to mutations of the APC gene \[[@CR52]--[@CR54]\]. It has been shown that APC inhibits transformation of colon epithelial cells \[[@CR55], [@CR56]\].

Lgr5 and its homologues are known to bind to Wnt receptors and mediate Wnt signaling pathway \[[@CR57]\]. It has also been shown that Lgr5 activates the Wnt signaling pathway by competing with Dkk1, the inhibitor of the canonical Wnt signaling pathway, and inhibits internalization of the LRP co-receptor \[[@CR58], [@CR59]\]. R-spondin1 is a ligand for Lgr4 and Lgr5 and thus activates the Wnt signaling pathway \[[@CR60], [@CR61]\]. Interestingly, the whole genome sequencing of human colon tumors has identified recurrent abnormal fusion genes involving R-spondin2 and R-spondin3 that enhance the Wnt signal, raising the possibility that it could be a new target for cancer therapy \[[@CR62]\].

The mechanism of how activation of the Wnt signaling pathway immortalizes cancer cells, or cancer stem cells has not been clear, but it was shown that activation of the Wnt/β catenin pathway activates telomerase activity \[[@CR63]\], as the accumulation of β catenin stabilizes telomerase \[[@CR64]--[@CR66], [@CR67]\].

Clonal analyses of the origin of intestinal tumors {#Sec8}
==================================================

Clonal origin of tumors has been one of the most important themes in cancer biology. Chimera analyses should be very useful for these studies. Basically it has been imagined that, regardless of whether they are benign or malignant, tumors develop from a single cell that undergoes oncogene mutations. To examine this, the clonal origin of tumors were studied by using naturally occurring human chimeras \[[@CR1]\] or by analyzing glucose-6-phosphate dehydrogenase (G6PD). In these studies, the clonal origin of sporadic tumors was studied, revealing that the origin of tumors such as chronic myelogenous leukemia (CML), acute myelogenous leukemia (AML), carcinomas in the cervix, and leiomyoma are monoclonal \[[@CR68]--[@CR71]\]. Moreover, by using experimental models, research has found that the origin of mouse colon tumors generated by azoxymethane \[[@CR72]\] or DMH \[[@CR73]\] is monoclonal.

However, regarding benign tumors, there have been conflicting reports. In the case of hereditary neurofibromatosis, both benign and malignant neural tumors are generated. By chimera analysis with G6PD, the clonal origin of benign (neurofibroma, neuroma) and malignant (primary neurofibrosarcoma, hereditary neurofibrosarcoma) tumors was examined. Interestingly, benign tumors were polyclonal and malignant tumors were monoclonal in origin \[[@CR74]\].

In the case of human colon tumors, it is well known that a benign adenoma is formed first, followed by growth of adenocarcinoma from a part of the adenoma. Multiple genes are known to involved in carcinogenesis of the colon, including APC, ras, DCC, p53. The multistep hit model involving these genes has been proposed and is well established. The APC gene mutation by itself generates benign adenomas. However, activation of proliferation by Wnt activation leads to additional mutations in essential genes for colon carcinogenesis, and generates cancers.

In 1983, Hsu et al. \[[@CR75]\] analyzed adenomas in Gardner syndrome patients by using genome imprinting of the G6PD marker, and reported that they are generally polyclonal in origin. On the other hand, in 1987, Vogelstein \[[@CR76]\] utilized RFLPs (restriction fragment length polymorphism) for analyzing the clonal origin of human colon tumors (adenoma and adenocarcinoma), and reported that both adenomas and adenocarcinomas are monoclonal in origin. In 1996, Novelli et al. \[[@CR77]\] analyzed adenomas in an FAP patient with XY/XO chimerism, and reported that they are generally polyclonal independent of their size. The mechanism of forming polyclonal tumors is not clearly understood. It was proposed in these reports that in FAP models, multiple adjacent polyps, each of which is monoclonal, form a single tumor by "collision", resulting in tumors in which multiple clones participate \[[@CR72], [@CR77]\]. However, it has not been made clear if it is also the case with sporadic adenomas without a germ line mutation in APC. One difficulty of the analysis is that we don't yet have a good mouse model for sporadic adenomas.

Future directions {#Sec9}
=================

In this review, we have presented an overview of how chimeric analyses were originally developed, as well as how new methods using multicolor chimeras were applied to studies of tissue specific stem cell maintenance and the development of cancers. Newer technologies are now helping to expand research on these fundamental questions. They should be especially powerful when combined with in vitro organ cultures, and time lapse imaging of live animals, which at this time are not easy to perform, but will be possible with future technical developments.
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